Population-based studies of human pregnancies show that periconceptional folate supplementation has a significant protective effect for embryos during early development, resulting in a significant reduction in developmental defects of the face, the neural tube, and the cono-truncal region of the heart. These results have been supported by experiments with animal models. An obvious quality held in common by these three anatomical regions is that the normal development of each region depends on a set of multi-potent cells that originate in the mid-dorsal region of the neural epithelium. However, the reason for the sensitive dependence of these particular cells on folic acid for normal development has not been obvious, and there is no consensus about the biological basis of the dramatic rescue with periconceptional folate supplementation. There are two principal hypotheses for the impact of folate insufficiency on development; each of these hypotheses has a micronutrient component and a genetic component. In the first hypothesis the effect of low folate is direct, limiting the availability of folic acid to cells within the embryo itself; thus compromising normal function and limiting proliferation. The second hypothetical effect is indirect: low folate disrupts methionine metabolism; homocysteine increases in the maternal serum; homocysteine induces abnormal development by inhibiting the function of N-methyl-D-aspartate (NMDA) receptors in the neural epithelium. There are three general families of genes whose level of expression may need to be considered in the context of these two related hypotheses: folate-receptor genes; genes that regulate methioninehomocysteine metabolism; NMDA-receptor genes.
A significant decrease in cono-truncal, facial-clefting and neural-tube defects can be achieved with the simple and inexpensive step of taking supplemental periconceptional folic acid (Czeizel & Rhode, 1984; Seller & Nevin, 1984; Steegers-Theunissen et al. 1994; Shaw et al. 1995; Botto et al. 1996; Czeizel et al. 1996; Wald et al. 1996) . Numerous other experimental teratogens and maternal exposures have also been associated, in a highly specific way, with these three anatomical regions, as we have discussed previously Rosenquist et al. 1999) .
The biological basis for the similar sensitivities to disrupted development that are shown by these widelyseparated anatomical sites is their common dependence on cells that originate in the neural epithelium. Cells of the cephalic neural crest contribute significantly to development of the face (Noden, 1975 (Noden, , 1978a (Noden, ,b, 1983 , as well as to the cono-truncal region of the heart (Kirby et al. 1983; Kirby & Waldo, 1990 . Furthermore, premigratory neural-crest cells are virtually indistinguishable from the dorsal-most presumptive neurons of the neural fold, both anatomically and functionally (Scherson et al. 1993) ; it is these cells that participate in neural-tube closure. Thus, it is reasonable to predict that if supplementary folate has a positive effect on the development of one of these regions, it will have a similar effect on the others; the positive result obtained in the population-based studies cited earlier is therefore predictable as well.
However, the positive effect of the supplementary folate appeared to be highly specific for neural-crest and neuraltube cells, indicating the possibility that these particular cells were more sensitively dependent on the presence of a high folate concentration than other embryonic cells; the basis of this dependence was not necessarily intuitive. Nevertheless, its meaning was obviously a reflection of some previously unsuspected aspect of the biology of the neural-crest and neural-tube cells. We have considered a number of possibilities for this effect, and we have derived two related hypotheses: the 'direct effect' hypothesis; the 'indirect effect' hypothesis.
The 'direct effect' hypothesis

Background
The most simple, and most obvious, explanation for the positive effect of folate supplementation is that maternal folate deficiency is more common than had been expected, and that supplementation remedies this deficit, resulting in a significant positive effect on development. However, the protective effect of periconceptional folic acid supplementation for neural-tube defects was not found to be dependent on a pre-existing overt folate deficiency in the mother (Yates et al. 1987) . Given the lack of evidence for a maternal folate deficiency, the embryo rescue afforded by maternal vitamin supplementation may be the result of a direct positive effect on the cells of the embryo itself . Thus, we derived a 'direct effect' hypothesis to explain the protective role of supplementary folate.
One of the key bases of this hypothesis is that cells of the neural epithelium, precursor of both the neural crest and the neural tube, express very high levels of the message for folate receptors (Finnell et al. 1997; Piedrahita et al. 1999) . Although most embryonic cells lack these receptors, cells with specific metabolic requirements for high levels of folate need to express these receptors to sequester and transport folate into the cell. Thus, we have considered that the neural epithelium may be uniquely susceptible to folate insufficiency, because of a previously unsuspected high order of folate utilization in those cells. In this case, the key to normal development would lie with the ability of the embryo itself to utilize folate. It may be hypothesized that these highly vulnerable regions of the embryo might be so exquisitely sensitive to ambient folate that even a small decline in maternal folate concentration could be sufficient to change the direction of development, and a deficiency in the transport or metabolism of folic acid in the embryo itself would be a key perturbation, rather than a frank maternal folate insufficiency. In this case developmental abnormalities of the neural crest and neural tube would occur at a uniquely high rate when maternal folic acid was reduced even slightly.
It is likely that complex nutrient-gene interactions regulate the sensitivity of developing embryos to the induction of, or protection from, developmental abnormalities that originate in the neural epithelium. Recent advances in gene technology and knowledge of the murine genome have resulted in increasing utilization of the transgenic mouse embryo model to test hypotheses relating to early embryonic events. In keeping with the fruitful application of transgenic mouse technology to address the role of folate in the development of the neural epithelium, our laboratories recently reported the development of 'knockout' mouse model systems to test critical hypotheses involving the regulation of intracellular folate, as they relate to neuralcrest and neural-tube development. For the initial transgenic mouse experiments we selected the murine folate-bindingprotein gene (Folbp1; homologue of human FRα). The Folbp1 'knockout' mouse was described by us recently (Piedrahita et al. 1999) .
Folbp1 is narrowly distributed among intra-embryonic tissues, in those areas of high folate requirement; for example, in the early embryo Folbp1 is found almost exclusively in the neural epithelium (neural crest and neural tube). Thus, intracellular folate availability in these key areas of Folbp1 −/− embryos becomes a stoichiometric function of the extracellular folate concentration, and uniquely permits highly-sensitive regulation of intracellular folate. Teratogenesis and mortality are both inversely related to folate availability, as regulated stoichiometrically in this model (Table 1) .
With this unique model, we tested the hypothesis that abnormal development of derivatives of the neural epithelium would result from a direct effect of folate insufficiency on embryonic cells. According to this hypothesis a deficiency in transport and/or metabolism of folate puts embryos at risk for abnormal development, and maternal folic acid supplementation helps overcome this deficiency. According to the hypothesis these defects are a direct result of folate insufficiency on the growth and differentiation of embryonic cells, especially those derived from the neural epithelium. Genes in the folate transport pathway were selected for the initial tests of this hypothesis.
Experiments with the transgenic mouse model
Abnormal phenotype of Folbp1-deficient embryos. The Folbp1 −/− gestational day 8, 12 h embryos showed a global reduction in growth, with specific sites of dysmorphogenesis; e.g. gross abnormalities of the neural tube included absence of the forebrain and the optic vesicles. The branchial arches and the hearts of Folbp1 −/− embryos were obviously smaller than normal (Piedrahita et al. 1999) . To quantify these differences, for the present report we carried out a morphometric analysis of the branchial arches and hearts in Folbp1 −/− gestational day 8, 12 h embryos, according to our published methods (for example, see Rosenquist et al. 1990c) . The results showed that the number of ectomesenchymal cells in a given branchial arch of a nullizygous embryo was on average < 15 % of the normal value (P < 0·001). This deficit is inconsistent with normal branchial arch and cono-truncal development, as has been shown by numerous analyses of the cardiac neural crest (for example, see Bockman et al. 1990) .
Although the heart tube was smaller in all nullizygous embryos as reported previously (Piedrahita et al. 1999) , this reduction was in proportion to the smaller size of the whole embryo. The morphometric analysis reported here showed that the thickness of the area between the myocardium and the endocardium containing the cell-free extracellular matrix, historically referred to as the 'cardiac jelly', was reduced disproportionately, so that the extracellular matrix in nullizygous embryos comprised only 25 % of the whole wall thickness v. 45 % in normal embryos (P < 0·001). This result may indicate impairment of the ability of the myocardium to synthesize and maintain the extracellular matrix in the nullizygous embryos.
Typically, these nullizygous embryos die early, presumably from morphological defects secondary to a global folate deficiency. By appropriate timing of the stoichiometric manipulation of folate these embryos can be rescued from death. However, numerous studies have shown that the effect of early perturbation of the neural crest and neural tube is not reversible. Thus, developmental processes can be perturbed at different times, and to different degrees, by careful regulation of folate concentration in this unique model.
Dose-response effect of phenotypic rescue
Crosses between mice heterozygous for the Folbp1 gene deletion produced small litters, with no Folbp1 −/− survivors, indicating an embryonic lethal mutation. Although Folbp1 facilitates passage of folate into cells, passive transfer also occurs. Thus, if the only relevant effect of the Folbp1 −/− or +/− genotype is to regulate intracellular folate concentration, increased embryonic extracellular folate concentration via high doses of maternally-administered folate should rescue the normal phenotype. In the absence of supplemental folic acid, 100 % of the Folbp1 −/− embryos developed abnormally (see earlier discussion), but when Folbp1 +/− dams were bred to sires heterozygous for the null allele, and were orally intubated with 25 mg folic acid/kg before conception and throughout gestation, supplemental folic acid effectively rescued the normal phenotype in twelve of thirteen embryos lacking a functional Folbp1 gene (P < 0·05). These results have been reported previously (Piedrahita et al. 1999) . Here, we report the dose-response effect of folinic acid supplementation.
Folbp1 +/− dams bred to Folbp1 +/− sires were supplemented by oral intubation with 6·125, 12·5, or 25 mg folinic acid (the physiologically-active form of folic acid)/kg. Supplementation of heterozygous Folbp1 dams with high doses of folinic acid (25 mg/kg) before and throughout gestation successfully rescued the phenotype in 66 % of the nullizygous embryos (Table 1) . Low dose (6·125 mg/kg) and intermediate dose (12·5 mg/kg) supplementation with folinic acid prolonged in utero survival of nullizygous embryos (gestational day 18, 0h), but they consistently presented with defects of the neural tube, face and conotruncus.
Conclusion
The data presented here clearly demonstrate that the Folbp1 nullizygous embryos had severe developmental abnormalities of neural-crest and neural-tube derivatives, and these abnormalities are characteristic of the general set of related abnormalities on which these hypotheses are based. It is important for future use of this model that the abnormal phenotype can be rescued with high doses of supplemental folic acid as well as folinic acid, demonstrating that it is possible to rescue embryos by dietary supplementation, even in the absence of a functional folate-receptor mechanism. These results support the general hypothesis that highly-vulnerable regions of the embryo, especially the neural epithelium, are highly sensitive to ambient folate concentration, and a deficiency in the transport or metabolism of folic acid in the embryo itself appears to be sufficient to induce abnormal development of derivatives of the neural epithelium. Furthermore, these data indicate one mechanism whereby supplementary folate could have a positive effect on development, even in the absence of a frank deficit in maternal folate concentration. Another mechanism that may provide the same possibility is now described.
The 'indirect effect' hypothesis
Background
Our previous results, as well as other sources, have indicated that an elevated homocysteine concentration may induce abnormal development of neural-crest and neural-tube derivatives, even in the absence of a frank deficit of folic acid. Furthermore, homocysteine has been shown to inhibit the N-methyl-D-aspartate (NMDA) type of glutamate receptor under certain conditions, and NMDA-receptor antagonists are among the most common teratogens for the neural crest and neural tube. Indeed, the ability to perturb development of these areas appears to be a general property of compounds that inhibit the NMDA receptor . Thus, we hypothesize that homocysteine may induce cono-truncal defects, and associated defects of the neural crest and neural tube, by its ability to inhibit the activity of NMDA receptor. These are two major corollaries to this hypothesis. First, NMDA-receptor agonists will restore normal development during episodes of elevated homocysteine. Second, and conversely, homocysteine may interact with other compounds that also inhibit the NMDA receptor, and this interaction in some cases will exacerbate the disruption of normal development. As a result, homocysteine may have a central role in determining the ultimate impact of clinically-important human teratogens. 
Experiments with the chicken-embryo model
As discussed earlier, other researchers had suggested that folate supplementation might be protective in part because it inevitably resulted in lower maternal serum homocysteine (Steegers-Theunissen et al. 1994 Thomas et al. 1994; van der Put et al. 1995) , and some population-based studies had shown that hyperhomocysteinaemia increased the risk for neural-tube and neural-crest defects (Eskes, 1998; Kapusta et al. 1999) , even in the presence of normal levels of folate . Altered expression of genes for enzymes in the methionine metabolism pathway were especially important in cases of non-dietary hyperhomocysteinaemia, including cystathione β-synthase (CBS), methionine synthase (MS), and methyltetrahydrofolate reductase (MThFR). These genes are discussed further (pp. 58-59).
We adapted the 'homocysteine as a teratogen' hypothesis to animal experiments, and designed a test of the hypothesis that homocysteine could induce cono-truncal, oro-facial and neural-tube defects, using the chicken-embryo model. An extensive narrative about the various kinds of experiments that led to this hypothesis has been published recently . This background will be summarized, and more recent data that support the hypothesis will also be provided. The avian-embryo model has been used extensively to establish the role of the neural crest in oro-facial and cono-truncal development (for example, see Kirby et al. 1983 Kirby et al. , 1990 Noden, 1975 Noden, , 1978a Noden, ,b, 1983 , and we had used the avian model previously for neural-crest studies to analyse the developmental fate of neural-crest-derived ectomesenchyme (for example, see Rosenquist et al. 1988 Rosenquist et al. , 1990a Rosenquist et al. ,b,c, 1996 Rosenquist et al. , 1999 Theiszen & Rosenquist, 1995; Theiszen et al. 1996) . To test the hypothesis we treated avian embryos with various concentrations of exogenous homocysteine during the processes of gastrulation, neurulation and cono-truncal septation. The results showed that homocysteine induced oro-facial, cono-truncal and neural-tube defects in a dose-and timedependent fashion (Rosenquist et al. , 1999 . However, these experiments did not show the cellular or molecular mechanism(s) responsible for this effect.
Homocysteine has been shown to be cytotoxic in some studies in vitro; but cytotoxicity resulted principally when the concentration of homocysteine was fifty to 100 times normal, or five to ten times the highest concentration that was found to be teratogenic. Our experiments did not support a cytotoxic effect of homocysteine. There appeared to be abnormal aggregations of cells in the developmentallydisrupted regions of homocysteine-treated embryos, rather than a reduction in the number of cells. Duplication of notochords, spinal cord and spinal ganglia were common, rather than reduction or absence of these key structures . The ectomesenchymal cells in the cardiac outflow tract were present and abundant, but ectopic . Taken together, these results did not indicate that the abnormal embryos had been subjected to some event that killed cells of the cardiac neural crest, other areas of the neural crest, or the neural tube. The presence of abundant cells from the neural ectoderm, and the duplicated notochords, implied an increase in mitosis, a decrease in embryonic apoptosis (a critical feature of both neural-crest and neural-tube development; Weil et al. 1997) , or both. Considering the results of either increased mitosis or decreased apoptosis, or some combination of these processes, the most likely mode of action of homocysteine would be via some receptor-mediated event. Although no 'homocysteine receptor' had been described, Lipton et al. (1997) had found that homocysteine was capable of acting on the NMDA type of glutamate receptor, depending on the nature of the solution, as an agonist or as an antagonist. Although no other investigation had specifically identified teratogenicity as a general property of NMDA-receptor antagonists, the literature in fact held many examples of compounds whose pharmacological effects include inhibition of the NMDA receptor, and are also known to be associated with relevant developmental abnormalities. These compounds include, for example, ethanol (Bhave et al. 1996; Johnson et al. 1996; Munger et al. 1996) , some anti-tussives (Ferencz et al. 1997; Andaloro et al. 1998 ) and valproic acid (Nau, 1985; Gofflot et al. 1996; Finnell et al. 1997) . Although these compounds have effects other than NMDA-receptor antagonism, the NMDA receptor seems uniquely suited as a potential target for teratogens, since it regulates virtually all the intracellular and intercellular events that are central to neural-tube closure and neuralcrest migration (Cornell-Bell et al. 1990; Rashid & Cambray-Deakin, 1992; Komuro & Rakic, 1993; Wang et al. 1996; Uberti et al. 1998) . The hypothesis derived from this information was that inhibition of the NMDA receptor by homocysteine may disrupt development of the neural crest and neural tube. We evaluated a set of NMDA-receptor antagonists that were selected to represent three different classes, each acting at a different site on the hetero-oligomeric NMDA receptor. The results indicated that the ability to induce abnormal neural-tube and neural-crest development was a general characteristic of antagonists of the NMDA receptor .
According to these results, developmental abnormalities should be reduced or prevented by activation of the NMDA receptor during episodes of hyperhomocysteinaemia. To test this hypothesis we treated embryos during the process of neural-tube closure with sufficient homocysteine to induce neural-crest and neural-tube defects in about 40 % of survivors, along with NMDA-receptor agonists given simultaneously, to activate the receptor and, according to the hypothesis, to rescue the embryos. At their most effective doses the agonists D-cycloserine, glutamate and glycine each provided protection; however, glycine was the most effective overall, reducing defects by about half (P < 0·001; Rosenquist et al. 1999) . For the present report, we have carried out further experiments to optimize the timing of the receptor activation. When glycine was provided 30 min before the administration of homocysteine, embryo rescue improved to 70 % (Fig. 1) . When D-cycloserine was given 30 min before homocysteine, about 50 % of the embryos were rescued (Fig. 1) , whereas 37·5 % of the embryos were rescued when homocysteine and D-cycloserine were given at the same time (Rosenquist et al. 1999) . These results support the hypothesis that homocysteine may affect neural-crest and neural-tube development by its ability to inhibit the NMDA receptor.
It may be predicted that homocysteine may interact with other NMDA-receptor antagonists to increase the rate of occurrence or severity of congenital defects of the neural crest and neural tube. For an initial test, we treated embryos with homocysteine in combination with ethanol, or the widely-used anti-tussive-anti-convulsant dextromethorphan. Ethanol is an ideal candidate since it is a potent γ-aminobutyric acid receptor agonist as well as an NMDA-receptor antagonist; also, one of its NMDA-binding sites (the phencyclidine-binding site; Hundt et al. 1998 ) is different from that of homocysteine (the glycine-binding site; Lipton et al. 1997) . Ethanol is also a well-described effector of neural-tube and neural-crest defects, and fetal alcohol syndrome is widely known among both scientists and laymen. Human use of both ethanol and dextromethorphan is related to cono-truncal defects, according to epidemiological studies in human subjects (for example, see Ferencz et al. 1997) . Dextromethorphan blocks the NMDA receptor at the Ca channel, and it was a potent inducer of neural-crest and neural-tube defects in our experiments with the chicken-embryo model . Another point that added interest to the use of ethanol and dextromethorphan is that they may be the NMDA-receptor antagonists that are most likely to be used by the average individual. When they were given in combination with homocysteine, dextromethorphan as well as ethanol acted synergistically to increase the number of neural-crest and neural-tube defects to a level that was significantly higher than could be predicted from the behaviour of the compounds when any one compound was given independently of the others (P < 0·001, dependent t test to compare the predicted value with the actual value; . Furthermore, cross-validation testing showed a correlation coefficient of < 0·50 between the predicted value and the actual value in all cases, confirming that a prediction of a simple additive effect was incorrect for homocysteine interacting with either ethanol or dextromethorphan.
For the present report we tested this hypothesis further by giving homocysteine to embryos, according to our published method (Rosenquist et al. 1999; , in combination with the NMDA-receptor antagonist MK801. MK801 is a well-characterized highly-specific blocker of the NMDA-receptor Ca channel. At a concentration that had been shown to induce no gross developmental abnormalities ) MK801 acted synergistically with homocysteine to increase significantly (P < 0·001) the rate of abnormal development ( Table 2 ). The greatest effect was for cranio-facial defects, where the number was approximately double that with homocysteine alone. Cysteine given at the same concentration as homocysteine did not induce any detectible signs of abnormal development.
These results predict that the combined effects of two or more NMDA antagonists may be teratogenic, even when the concentration of each substance is in a 'safe' range, giving potential significance to the present study. Homocysteine may have a central role in determining the effect of exogenous NMDA receptor antagonists such as ethanol or dextromethorphan. Homocysteine is one of only two common endogenous substances that are known to be able to inhibit the function of the NMDA receptor, the other substance being kynurenic acid. Of these two substances, only homocysteine is present constantly in the serum, and in concentrations that are relevant to the present hypothesis (Brown et al. 1998) .
Thus, it may be predicted that homocysteine always interacts with exogenous compounds in some way, and according to the present results this interaction may be dangerous to the embryo.
By applying pharmacology in conjunction with developmental biology, the results described earlier have provided evidence that the ability to induce abnormal development of the neural crest and neural tube is a common property of NMDA-receptor antagonists, including homocysteine; also, embryos may be rescued from these abnormalities by NMDA-receptor agonists. These data provide support for a role for the NMDA receptor in early neural-crest and neuraltube development. However, these studies were initiated on the basis of pharmacological results; at the time there was no report that any component of the heterodimeric NMDA receptor had been located in the neural crest or neural tube of the early embryo. Recently, we examined both avian and murine embryos during neurulation using antibodies against the NR1 component of the NMDA receptor, and we found that it is expressed in the neural crest and neural tube of both species, during the neural-groove and early neural-tube phases of development (Thomas et al. 2000) . The signal was especially strong in the murine neural crest. Another set of embryos was given CSer or Gly, and after 30 min the same embryos were treated with HCyT. There were 280 embryos in each group. When it was given 30 min before HCyT, CSer was able to rescue about half the embryos that were expected to be abnormal, and Gly rescued about 70 %. X, vehicle control. Values are means with their standard errors represented by vertical bars. The means for abnormal embryos per group were compared using a single-factor ANOVA, followed by a Fisher post hoc analysis (Statview 2.0; Abacus Concepts Inc., Berkeley, CA, USA). Mean value for HCyT was significantly different from that for X: **P < 0·01. Mean value for CSer + HCyT was significantly different from those for CSer and HCyT: † †P < 0·01. Mean value for Gly+HCyT was significantly different from that for HCyT: ‡ ‡P < 0·01.
Conclusion
The information described here supports the hypothesis that homocysteine is a risk factor for neural-crest and neural-tube defects, independent of the ambient folate concentration. The mechanism for this effect appears to be related to the ability of homocysteine to act as an inhibitor of the NMDA receptor.
Summary and conclusions: genes that have a plausible role in the folate-homocysteine story
The experiments described earlier provide evidence in support of two different hypotheses, each of which describes a possible mechanism for the protective effect of periconceptional folate supplementation. On the one hand, abnormal development of the neural tube and neural crest is a consequence of the inability of the cells in these regions to bind and transport folic acid, because of a defect in a key gene that facilitates these processes. In this case, supplementary folate results in a simple concentration-based stoichiometric response that increases intracellular folate to rescue the embryo. On the other hand, abnormal development of the neural tube and neural crest is a consequence of elevated homocysteine. At least part of the teratogenic role of hyperhomocysteinaemia appears to be related to its ability to act as an antagonist of the NMDA receptor in the early embryonic neural ectoderm. In this case supplementary folate also has a simple role, acting in the methionine metabolism cycle to reduce homocysteine and thereby to rescue the embryo.
Tests of each of the hypotheses have yielded positive results, and therefore each hypothesis appears to be biologically plausible. As a result, it seems likely that both impaired embryonic folate transport and hyperhomocysteinaemia may contribute to abnormal development of human fetuses, each as an independent risk factor. However, it seems likely as well that these two processes may be able to interact in some way that is not yet known. Currently, we are designing experiments that will test their separate and joint effects on downstream gene expression.
Based on the results described here, there appear to be three general families of genes whose level of expression may need to be considered in the context of these two related hypotheses, under the general topic of gene-nutrient interactions: folate-receptor genes; genes that regulate methionine-homocysteine metabolism; NMDA-receptor genes.
Folate-receptor genes
Initially, we showed that there was significant strain variability among mice in their relative expressions of folate receptors (Finnell et al. 1997) . The results of our experiments with transgenic mice, in which the Folbp1-deficient embryos were grossly abnormal, suggested that Folbp1 may have a critical role in folate homeostasis during development. Furthermore, they suggested that the functional defects in the human homologue of Folbp1 (FOLR1) could contribute to similar defects in human subjects. However, a human population-based study failed to show any sign of genetic variation within the coding region of the human homologue FRα, and no relationship could be found, therefore, between the expression of this gene and developmental abnormalities in man (Barber et al. , 2000 . Indeed, there is the possibility that as yet unknown changes in the 3′ untranslated region of the hFRα gene may explain the population burden of neural-crestrelated birth defects. It is possible as well that the folatetransporter gene (RFC1) is also involved in determining susceptibility to environmentally-induced birth defects. A 'knockout' mouse model of the RFC1 gene is currently being developed and evaluated in our laboratories. It is conceivable that these two genes work together to determine the effectiveness of folate transport in the developing embryo.
Genes that affect homocysteine concentration
Human population-based studies have shown that mutations in at least three genes that are key for methionine metabolism can result in hyperhomocysteinaemia: MS, CBS, and MThFR. Since maternal hyperhomocysteinaemia per se appears to be a risk factor for neural-tube defects, it was a logical next step to investigate the relationship between neural-crest and neural-tube defects and polymorphisms of MS, CBS and MThFR. Subsequent epidemiological studies have shown at least some evidence that implicates polymorphisms of all three genes in abnormal development.
Mutant forms of the MThFR gene may code for proteins that do not function properly in methionine metabolism, and the resulting elevation in homocysteine is associated in some studies with an increased incidence of abnormal development (Finnell et al. 1997; Shaw et al. 1998 Shaw et al. , 1999 . A thermolabile form of MThFR that results from a common 677 cytosine → thymine mutation has a well-known association with the occurrence of neural-tube defects (for Harmon et al. 1996; Morrison et al. 1998; Ou et al. 1996 ; for review, see Botto & Yang, 2000) . As might be expected, this association does not necessarily hold for all ethnic groups (Speer et al. 1997) . There is also evidence that the same mutation may be associated with cleft palate and heart defects (Eskes, 1998) , although this evidence is more equivocal (for example, see Shaw et al. 1999) . With respect to MS, van der Put et al. (1997) reported that there was no significant evidence that it was involved in homocysteine-related diseases such as neural-tube defects. Subsequent findings by other laboratories have also shown a lack of association between MS and abnormal development (for example, see Brody et al. 1999; Christensen et al. 1999) . Steen et al. (1998) reported a general association between neural-tube defects and impaired function of MS, while Wilson et al. (1999) found an interesting relationship between low vitamin B 12 , spina bifida, and a common variant in the enzyme MS reductase, which activates MS.
The CBS story, like that of MThFR and MS, is also mixed. One CBS polymorphism has been associated with the occurrence of lumbo-sacral myelomeningocoele (Speer et al. 1999) , whereas other investigators have found no apparent association between abnormal development and CBS (for example, see Ramsbottom et al. 1997; Botto & Mastroiacovo, 1998) .
NMDA-receptor genes
Many questions remain to be explored. However, the data obtained to date support the hypothesis that the ability to induce neural-tube and neural-crest defects is a general property of NMDA-receptor antagonists. The NMDA receptor is a heterodimer consisting of NR1, NR2 and NR3 subunits . There are seven different genes expressing NR1 subunits (NR1a-g) and four different genes for the NR2 subunit (NR2A-D), and there is a welldescribed heterogeneity in the anatomical distribution of the various combinations of subunits that make up the NMDAreceptor subtypes (for example, see Wenzel et al. 1997; Winkler et al. 1999) . This complex subunit diversity is also related to function, where different subunit combinations show different responses . Although we have shown that the NMDA receptor is present in the neural-crest cells of the early embryo, we do not yet have any data regarding the kind of subunits that may be present. Indeed, there, are no published data on the type of NMDA receptors that may be present in the early embryo of any species, or their distribution. Thus, our first task will be to complete these types of analyses; a complex task, given the heterogeneous nature of the receptor. With these data, it may be possible to investigate an association between NMDAreceptor polymorphisms and abnormal development.
Currently, there are no reports of naturally-occurring mutations of the NMDA receptor. Induced mutations in transgenic mice have shown quite clearly that polymorphisms in the NMDA receptor are associated with altered function (for example, see Wood et al. 1999; Single et al. 2000) ; one mutation to the glycine site reduced the affinity of glycine for the NMDA receptor by 40-50-fold (Wafford et al. 1995) . Thus, it may be predicted that the homocysteine-NMDA receptor interaction will be altered by those polymorphisms that are discovered ultimately.
